The FoxM1 transcription factor plays critical roles in the expression of genes that are essential for cell proliferation. FoxM1 null or depleted cells fail to progress through mitosis, as expression of several mitotic genes depends upon FoxM1. The transcriptional activity of FoxM1 is stimulated by cyclin-cdk-mediated phosphorylation at a site within the transcriptional activation domain. Here, we characterize the role of an N-terminal inhibitory domain in the transcriptional activity of FoxM1. Deletion of the N-terminal 232 amino-acid residues increases the transcriptional and transforming activities of FoxM1. Moreover, while the activity of the full-length FoxM1 is stimulated by growth factors, the activity of the N-terminal deletion mutant is constitutively high in all phases of the cell cycle. The N-terminal deletion also eliminates the requirement for cyclin-cdk to activate FoxM1. We provide evidence that the N-terminal domain interacts with the C-terminal half of the transcription factor to attenuate its transcriptional activity. Moreover, the N-terminal fragment inhibits the transcriptional activity of FoxM1 in G 1 /S cells, but not in G 2 /M cells. Our results suggest that cyclin-cdk phosphorylates FoxM1 to counteract the inhibition by the N-terminal domain to fully activate FoxM1 in G 2 /M phase.
Introduction
The mammalian forkhead box m1 (FoxM1) transcription factor is expressed in all dividing cells and is required for cell division (Korver et al., 1997 (Korver et al., , 1998 Ye et al., 1997) . Cells depleted of FoxM1 are deficient in mitosis (Laoukili et al., 2005; Wang et al., 2005; Wonsey and Follettie, 2005) . Hepatocyte-specific deletion of FoxM1 in FoxM1fl/fl mice (Alb-Cre FoxM1À/À) severely impairs liver regeneration, 80% reduction in DNA replication and a complete inhibition of M phase progression (Wang et al., 2002) . Conversely, transgenic expression of FoxM1 accelerates liver regeneration (Ye et al., 1999; Wang et al., 2001a Wang et al., , b, 2002 . Moreover, expression of FoxM1 is diminished in senescent cells (Ye et al., 1997) , and FoxM1À/À mouse embryonic fibroblasts fail to grow in culture and undergo premature senescence (Wang et al., 2005) . These observations are consistent with a role of the FoxM1 transcription factor in the expression of genes that are important for cell cycle progression.
In liver regeneration studies, increased levels of cdk inhibitors p21 and p27 were detected in FoxM1À/À hepatocytes (Wang et al., 2002) , which was linked to a diminished expression of Skp2 and Cks1. FoxM1 directly binds to the promoter regions of Skp2 and Cks1 and enhances expression of Skp2 and Cks1 (Wang et al., 2005) . FoxM1 is also critical for expression of several mitotic genes, including PLK1, Aurora B, Cdc25B, Survivin, CENPA and CENPB (Laoukili et al., 2005; Wang et al., 2005) . Therefore, the FoxM1 target genes identified thus far explain the proliferation defects observed in FoxM1-deficient cells, providing insights into the mechanism by which FoxM1 participates in cell division.
FoxM1 is critical for tumor development (Kalinichenko et al., 2004; Kalin et al., 2006; Kim et al., 2006; Liu et al., 2006) . Deletion of FoxM1 inhibits tumor development. Cre-mediated deletion of FoxM1 inhibited growth, suggesting an essential role of FoxM1 in tumor progression (Kalinichenko et al., 2004) . More recent studies indicated that deletion of FoxM1 in tumor cells also causes the tumor cells to undergo apoptosis (Wonsey and Follettie, 2005) . The increased apoptosis of tumor cells correlated with reduced expression of Survivin in FoxM1-deleted tumor cells (Gusarova et al., 2007) .
The C-terminal region of FoxM1 contains a cyclincdk phosphorylation site Weirstra et al., 2006b, c) . The cyclin-cdk-mediated phosphorylation stimulates the transcriptional activity of FoxM1. Here, we show that the N-terminal region of FoxM1 contains an inhibitory domain that regulates its transcriptional activity. Deletion of the N-terminal inhibitory domain generates a constitutively active transcription factor that functions independently of cyclin-cdk and exhibits increased transforming activity. The observations are significant with regard to the oncogenic function of FoxM1.
Results

Deletion of N-terminal 232 residues enhances transcriptional and transforming activity of FoxM1
FoxM1 contains a fork-head box family DNA-binding domain between residues 232 and 332 (Ye et al., 1997) and a C-terminal region of FoxM1 encompasses the transactivation domain (Figure 1a ) . To investigate the role of the N-terminal 232 residues in the transcriptional activity of FoxM1, we generated an N-terminal deletion mutant (N-del). The mutant was compared with the wild-type FoxM1 in transcription assays . The N-del exhibited greater than 20-fold increase in the transcriptional activity compared to the wild-type FoxM1 (Figure 1b) , which is consistent with a recent study (Wierstra and Alves, 2006a) . To further investigate the properties of N-del, which is similar to the wild-type FoxM1 localizes in the nucleus (Supplementary Figure S1) , we analysed the effects on the expression of FoxM1 target genes. U2OS and NIH3T3 cells were transfected with FoxM1 or N-del. Total proteins and RNAs from transfected cells were subjected to immunoblotting and quantitative reverse transcription (RT)-PCR assays to measure the level of FoxM1 target gene expression. Assays for Aurora B, a target of FoxM1 (Wang et al., 2005) , by immunoblotting consistently indicated higher expression in the N-del-transfected cells (Figure 1c, upper panel) . Under our experimental condition, transient expression of the wild-type FoxM1 caused only a marginal increase in the mRNA level of Skp2 (Figure 1d) . N-del, in contrast, induced a significantly higher stimulation of Skp2 expression. These results are consistent with the notion that the N-terminal region of FoxM1 contains a transcriptional inhibitory domain.
Previous studies indicated an essential role of FoxM1 in tumor cell growth (Kalinichenko et al., 2004) . Therefore, we hypothesized that N-del would exhibit increased transforming activity. NIH3T3 cells expressing wild-type FoxM1 or the N-del mutant were subjected to foci formation assay. Clearly, transfection of N-del induced a significantly greater number of foci compared to that induced by the wild-type FoxM1 (Figure 2a) . Moreover, compared to the wild-type FoxM1-expressing cells, N-del-expressing cells showed statistically significant increase in the ability to promote anchorageindependent growth (Figure 2b ). Also, we examined the invasion ability of the cells transfected with N-del using matrigel-coated transwell assay system. As shown in Figure 2c , the N-del-transfected cells exhibited a significant increase in the migration ability. Further, the N-del-expressing cells grew efficiently in low-serum media (Dulbecco's modified Eagle's medium containing 2% fetal bovine serum), whereas empty vector or wildtype FoxM1-expressing cells did not (Figure 2d ). Therefore, it appears that the N-terminal region of FoxM1 functions to attenuate the transforming activity of FoxM1 by inhibiting its transcription function.
The transcriptional function of N-del is independent of activation by cyclin-cdk The transcriptional activity of FoxM1 is stimulated by growth factors and cyclin-cdk . We sought to investigate whether the N-terminal inhibitory region of FoxM1 plays any role in that process. U2OS cells were transfected with wild-type FoxM1 or N-del along with the luciferase-reporter plasmid. Following transfection, one set of cells was maintained in serumfree medium, whereas the other set was maintained in serum-containing medium for 72 h. In the absence of serum, the wild-type FoxM1 exhibited decreased transcriptional activity, although it was expressed at a comparable level (data not shown); however, N-del exhibited high constitutive activities (Figure 3a) . To further investigate the growth factor response of FoxM1-activated transcription, we analysed the effects of the inhibitors of phosphatidylinositol 3-kinases (LY294002) and mitogen-activated protein kinase (U0126). Both phosphatidylinositol 3-kinase and mitogen-activated protein kinase inhibitors caused a significant inhibition of the transcriptional activity of the wild-type FoxM1.
The N-del, in contrast, did not exhibit any significant inhibition ( Figure 3b ). We then investigated the cell cycle regulation of the transcriptional activity of FoxM1. U2OS cells, transfected with FoxM1 or N-del expression plasmid along with a luciferase reporter, were treated with aphidicolin or nocodazole. The transcriptional activity in the arrested cells was compared with that in the asynchronous cells. The wild-type FoxM1 transcriptional activity was significantly inhibited in aphidicolin-treated cells (Figure 4a ), but no inhibition was observed in the nocodazole-treated cells. Treatments with aphidicolin (5 mg ml À1 ) or nocodazole (50 ng ml À1 ) did not alter the level of FoxM1 (data not shown). The N-del mutant, in contrast, did not exhibit any inhibition in the aphidicolin-treated cells, and it exhibited high constitutive transcriptional activity in arrested and in asynchronous cells (Figure 4a ). The differential response of FoxM1 and N-del suggests that the N-terminal region of FoxM1 is critical for the cell cycle regulation of the FoxM1 transcriptional activity.
To further investigate the basis of the constitutive activity of N-del, we mutated the cyclin-binding site by changing the leucine at 641 to alanine (L641A) in a N-del background. The substitution mutant Ndel/ L641A was compared with N-del for its ability to stimulate transcription. Interestingly, the mutation of the cyclin-cdk-binding site had very little effect on the transcriptional activity of N-del (Figure 4b ), suggesting that N-del mutant is independent of activation by cyclin-cdk. Consistent with this, we observed that, unlike the wild type, N-del is resistant to inhibition by dominant-negative cdk1 or an inhibitor of Cdk (roscovitine) (Figure 4c ). Therefore, we suggest that the cyclin-cdk interaction with the C-terminal activation domain functions to overcome the inhibitory effects of the N-terminal regulatory domain.
The N-terminal domain of FoxM1 interacts with the C-terminal activation domain and inhibits function in a cell cycle-regulated manner To determine the mechanism by which the N-terminal domain inhibits the transcriptional activation function of FoxM1, we investigated whether the N-terminal domain associates with the C-terminal transactivation domain. We performed pull-down assays using glutathione-Stransferase-fusion proteins containing N-terminal region (1-138) and DNA-binding domain (232-332). The glutathione-S-transferase-fusion proteins on glutathione-sepharose-beads were incubated with cell extracts expressing T7-epitope-tagged transcriptional activation domain of FoxM1. As shown in Figure 5a , the glutathione-S-transferase-fusion protein containing the N-terminal 138 residues of FoxM1 was able to interact with the transactivation domain of FoxM1. The interaction was confirmed by co-immunoprecipitation assays. U2OS cells were transfected with a plasmid expressing a green fluorescent protein (GFP) fusion of the N-terminal inhibitory domain of FoxM1 and T7-FoxM1. Immunoprecipitation was performed with extracts from transfected cells with an antibody against GFP or isotope matched immunoglobulin G. Clearly, the GFP fusion protein containing the N-terminal domain of FoxM1 was able to co-immunoprecipitate FoxM1 (Figure 5b ). We then sought to investigate whether the N-terminal domain could inhibit the transcriptional activity of FoxM1 in trans. U2OS cells were transfected with a plasmid expressing FoxM1 along with the reporter plasmid in the presence or absence of a plasmid expressing the N-terminal inhibitory domain. Expression of the inhibitory domain did not alter the expression of the full-length FoxM1 (data not shown). However, the transcriptional activation by the full-length FoxM1 was inhibited in a dose-dependent manner (Figure 5c ). Interestingly, the inhibition by the N-terminal domain is cell cycle-dependent. It caused a significant inhibition of FoxM1 in asynchronous cells, but only marginally in cells arrested in early M phase (Figure 5d ). Moreover, the inhibitory effect of N-terminal domain was less potent when we transfected Cdc25B in conjunction with the N-terminal fragment (Figure 5e ). We speculate that in early M phase, cyclin-cdk-mediated phosphorylation of FoxM1 confers resistance to inhibition by the N-terminal domain.
The N-terminal domain of FoxM1 inhibits expression of the FoxM1 target genes Because the N-terminal fragment of FoxM1 inhibited the transcriptional activity of FoxM1 in trans (Figure 5c ), we further examined whether the N-terminal fragment could inhibit the endogenous target gene expression. We transiently transfected NIH3T3 cells with a plasmid expressing the N-terminal fragment (GFP1-232) of FoxM1 or with an empty vector. The relative expression of Skp2, Cdc25B and Aurora B, which are known FoxM1 target genes, was determined by quantitative real-time RT-PCR. As expected, transfection of the N-terminal fragment caused a significant reduction in the expression of the FoxM1 target genes (Figure 6 ). The inhibition was specific for the FoxM1 target genes, as there was no inhibition in the expression of the translation initiation factor 4EBP1, which is not a FoxM1 target gene. These observations further confirm a regulatory role of the N-terminal domain of the FoxM1 transcription factor.
Discussion
FoxM1 is a critical cell cycle transcription factor involved in tumor progression (Kalinichenko et al., 2004) . Therefore, an understanding of the mechanisms that control the activity of FoxM1 is important. The observations that an N-terminal inhibitory domain controls the transcriptional and the transforming activities of FoxM1 are significant in that regard.
Regulation of FoxM1 in the cell cycle is expected from its involvement in the transcription of the cell cycle-regulated genes. In this study, we show that its transcriptional activity is stimulated by growth factors and reaches a peak level in the G 2 /M phase of the cell cycle. Nocodazole-arrested cells exhibited higher transcriptional activity compared to the aphidicolin-arrested cells. Both G 2 /M and G 1 /S cyclins associate with FoxM1 Wierstra and Alves, 2006b, c) . We provide further insights into the mechanism by which cyclin-cdks activate the transcription function of FoxM1. Deletion of the N-terminal domain confers growth factor independence and renders FoxM1 constitutively active throughout the cell cycle. Moreover, we show that N-del is fully active in the absence of cyclin-cdk interaction. Mutation of residue L641 within the 'LXL' cyclin-binding motif that eliminates binding to cyclin-cdk had no effect on the transcriptional activity of N-del. These observations are consistent with the notion that the N-terminal inhibitory domain confers cyclin-cdk dependence to the transcriptional activity of FoxM1.
The N-terminal domain of FoxM1 associates with the C-terminal activation domain to inhibit its transcriptional activity. Interestingly, the inhibition by the N-terminal fragment of FoxM1 could be significantly reversed by nocodazole treatment, suggesting that G 2 / M-specific factors may counteract N-terminus-mediated inhibition of FoxM1. Moreover, co-transfection of Cdc25B also potently interfered with the inhibitory effect of the N-terminal inhibitory domain. We speculate that the phosphorylation by cyclin B-cdk1 disrupts the interaction between the N-terminal inhibitory domain and the C-terminal activation domain to then allow binding of the co-activator CREB binding protein to the activation domain of FoxM1.
We suppose that the N-terminal inhibitory domain of FoxM1 is significant in maintaining the normal cell phenotype, because we find that N-del possesses a much higher transforming activity compared to the full-length protein. It is likely that the N-terminal inhibitory domain plays a role in regulating the transcriptional activity of FoxM1 in early phases of the cell cycle. Clearly, the activity of FoxM1 is significantly lower in aphidicolin-arrested cells compared to nocodazolearrested cells. We suppose that the relatively low activity of FoxM1 in G 1 phase might be important for regulated entry into and progression through S phase. FoxM1 is not inactive in G 1 /S phases. It is important for entry into S phase because FoxM1À/À cells exhibit deficiency and delay in entering S phase (Z Wang and RH Costa, unpublished observation). Moreover, in liver regeneration studies, we demonstrated a role for FoxM1 in S-phase entry (Ye et al., 1999) . In this regard, it is noteworthy that HPV16 oncoprotein E7, which enhances progression through G 1 /S phases, binds to FoxM1 and stimulates FoxM1-activated transcription (Luscher-Firzlaff et al., 1999) . The non-transforming mutants of E7 or E7 encoded by the low-risk types of HPV do not activate FoxM1. It will be interesting to determine whether the HPV16 E7 oncoprotein activates FoxM1 by deregulating the inhibitory domain in the N-terminal region of FoxM1.
Materials and methods
Cell lines and transformation assay Cells were transfected with plasmids expressing GFP, GFPFoxM1 and GFP-N-del and then selected in medium containing hygromycin for 3 weeks. Following selection, the cell lines were assayed for focus forming ability by plating in 100 mm tissue culture dishes. The medium was replaced every 3 days with medium containing 5% serum for 10-14 days. To analyse the foci, cultures were stained with crystal violet and counted. To examine anchorage-independent growth, cells were suspended in medium containing 0.35% agarose and then poured onto 60 mm dishes coated with 0.7% agarose. The culture was maintained for 3 weeks and colonies larger than 0.1 mm were counted. Invasion assay was performed using Matrigel invasion chamber system (BD Biosciences, Bedford, MA, USA). Cells (5 Â 10 4 ) were trypsinized and seeded onto the upper chamber in serum-free Dulbecco's modified Eagle's medium. Dulbecco's modified Eagle's medium containing 10% fetal bovine serum was placed in the bottom well. After 24 h incubation, non-invasive cells in the upper chamber were removed by a cotton-tipped swap. The migrated cells on the lower surface were fixed and stained for counting.
Cell proliferation in low serum media Cells (5 Â 10 5 ) were plated in complete medium onto 100 mm dishes and incubated overnight. The next day, the medium was substituted with Dulbecco's modified Eagle's medium containing 2% fetal bovine serum. Cells were trypsinized and counted at different time points.
Real-time PCR U2OS cells or NIH3T3 cells were harvested at 24 h following transfection for total RNA preparation using RNA-STAT-60 (Tel-TestB Inc., Friendswood, TX, USA). Following DNase I digestion, we used the Bio-Rad cDNA synthesis kit to synthesize 1 mg of total DNA. The following reaction mixture was used for all PCR samples: 1 Â IQ SybrGreen supermix (Bio-Rad, Carlsbad, CA, USA), 100 nM of each primer and 1 ml of cDNA of 25 ml total volume. Reactions were amplified and analysed in triplicate using the MyiQ single-color real-time PCR detection system (Bio-Rad).
